Traumatic spinal cord injury results in severe neurological deficits, mostly irreversible. The cell therapy represents a strategy for treatment particularly with the use of stem cells with satisfactory results in several experimental models. The aim of the study was to compare the treatment of spinal cord injury (SCI) with and without mesenchymal stem cells (MSC), to investigate whether MSCs migrate and/or remain at the site of injury, and to analyze the effects of MSCs on inflammation, astrocytic reactivity and activation of endogenous stem cells. Three hours after SCI, animals received bone marrow-derived MSCs (1×10 7 in 1mL PBS, IV). Animals were euthanized 24 hours, 7 and 21 days post-injury. The MSC were not present in the site of the lesion and the immunofluorescent evaluation showed significant attenuation of inflammatory response with reduction in macrophages labeled with anti-CD68 antibody (ED1), decreased immunoreactivity of astrocytes (GFAP+) and greater activation of endogenous stem cells (nestin+) in the treated groups. Therefore, cell transplantation have a positive effect on recovery from traumatic spinal cord injury possibly due to the potential of MSCs to attenuate the immune response. Key words: Cellular therapy. Neurosurgery. Stem cell.
Introduction
Spinal cord lesions annually affect thousands of individuals of all age groups with high rates of mortality and chronic morbidity (SAUNDERS et al., 2009 ). The damage to the spinal cord after traumatic injury involves two events. The first mechanism is the initial injury that occurs at the time of trauma by either injury, compression, stretching or laceration involving the rupture and crushing of neural and vascular elements immediately. The second consists of endogenous secondary lesions, which are activated in response to the acute initial injury and may still occur within the first week after injury. Another consequence of spinal cord injury is the formation of glial scar that impedes axon regeneration. Astrocytes acquire hypertrophic characteristic followed by an increase in the production of intermediate filaments such as glial fibrillary acidic protein (GFAP) (SAHNI; KESSLER, 2010) . With time most cell types including microglia, macrophages and progenitor cells are recruited resulting in scar formation.
Only a few surgical and pharmacological resources are available and none is able to totally reverse the neurological damage after spinal injury, but several clinical trials have been providing information about the regeneration of injured neurons and protection from further damage to the remaining cells. Transplantation with mesenchymal stem cells (MSC) is one of the promising options due to the ability of self-renewal and high proliferation capacity and are capable of differentiating into various cell types, including neurons (KERN et al., 2006) , which may replace the injured nerve tissue or promote a favorable environment for tissue regeneration of the nervous system. Some studies indicate the ability of MSC to modulate the environment of the injured CNS and promote repair from the secretion of factors anti-inflammatory anti-apoptotic molecules and trophic factors able of promoting axonal growth and immunomodulation. Can also stimulate remyelination and angiogenesis (QUERTAINMONT et al., 2012) .
The aim of this study was to transplant bone marrow derived mesenchymal stem cell by intravenous injection 3 hours after compression injury of the spinal cord to assess their possible therapeutic effects on neural progenitor and stem cells, astrocytes and the microglia/macrophages in the 7th and 21st days post-injury.
Materials and Methods
All procedures were approved by the Ethics Committee on Animal Experimentation (protocol number 38/2012) of Universidade Federal de Viçosa, affiliated to the National Organ (CONCEA).
Animals
Animals were housed in groups of five and maintained under controlled temperature and humidity, 12h photoperiod, and were provided with water and commercial diet ad libitum.
Four other rats with 4 days of age were used to obtain bone marrow. Thirty male Wistar rats, three months old, weighing 250 to 300g were submitted to spinal cord injury, then they were equally and randomly distributed into two groups. Animals from the treated group (n=15) received bone marrow-derived MSCs, 1 x 10 7 cells/mL PBS/IV, three hours after injury. The control animals (n=15) received intravenous injection of equivalent volume of PBS. No immunosuppressive therapy was undertaken.
Euthanasia was performed at 24 hours (n=10), 7 days (n=10), and at 21 days (n=10) post injury for removal of the spinal cord, lungs, and spleen.
Mesenchymal stem cells culture and characterization
The medullar canal of the femur of the four rats was washed with growth medium Dulbecco's Modified Eagle's Medium low glucose (Gibco, Grand Island/NY) containing 10-15 mM HEPES (Sigma-Aldrich, St. Louis, MO/USA) supplemented with 20% of serum fetal bovine (Gibco), 50 mg/L gentamicin (Sigma), 100,000 U/L of penicillin G potassium (Sigma) and 1.5 mg/L amphotericin B (Sigma). The material collected was centrifuged at 22 o C, 1500 rpm, for 5 minutes. The supernatant was discarded and the pellet containing cells was resuspended in 5 mL DMEM. Were collected 100 µL of the cell suspension mixed with an equal volume of trypan blue solution (Sigma) for counting in a Neubauer chamber and assessment of cell viability. The cells were grown in culture bottles in DMEM supplemented with 10% fetal bovine serum (FBS) in an incubator at 37°C with 5% CO 2 .
Cells in the fourth passage were subjected to osteogenic and adipogenic differentiation. For osteogenic differentiation DMEM medium with 10% FBS was supplemented with 10-8 mol/mL of dexamethasone (Sigma), 5 μg/mLde ascorbic acid 2-phosphate (Sigma) and 10 mmol/L of β-glycerophosphate (Sigma). For adipogenic differentiation DMEM medium without FBS was supplemented with 10-8 mol/mL dexamethasone (Sigma), 10-8 M of human recombinant insulin, 200 μM indomethacin crystalline and 500 μM of isobutyl-methylxanthine. The differentiation medium was changed every 3 days during 28 days. Thereafter, cell samples were fixed for 1 hour in 4% paraformaldehyde and stained with Von Kossa to detect calcium deposits located in the matrix and Oil Red O to detect intracellular lipid vesicles.
For the immunophenotype evaluation, cell samples of the fourth passage were incubated with the primary antibodies anti-mouse CD11b clone M1/70, anti-mouse CD45 clone 69, anti-CD90 clone Ox-7 mouse, anti-CD73 clone 5 F/B9 mouse, anti-CD54 clone 1A29 mouse and anti-HLA-DR (BD Bioscience, San Jose, CA, USA) for 30 minutes at 4°C. Subsequently, cells were washed with PBS and incubated with secondary antibody conjugated to Alexa 488 fluorochrome under the same conditions. Samples were analyzed using FACScan flow cytometer and CellQuest ® software.
MSC nanolabeling and transplantation
Cells of the fourth passage were incubated for 60 minutes at 37°C with 655 Qtracker ® Cell Labeling (Invitrogem, California, USA) according to manufacturer's recommendations. The labeled cells were trypsinized and centrifuged at 22°C, 1500 rpm, for 5 minutes to obtain a pellet. This pellet was resuspended in PBS and aliquots of 1x10 7 cells/1.0 mL PBS were prepared, centrifuged and stored until the time of transplantation. Cells were delivered through an intravenous catheter (24G) inserted into the lateral tail vein. To validate the nanolabeling technique a single dose was freshly prepared for fluorescent microscopy observation.
Induction of Spinal cord injury
Animals were given fentanyl (0.3 mg/kg/IM) for pain control and diazepam (2.5 mg/kg/IP) for sedation. Induction to anesthesia and maintenance was provided with isoflurane. Antibioticotherapy with enrofloxacin (10 mg/kg/IM) was administered as a single dose prior to the procedure. Dorsal laminectomy was performed on T9 and T10 vertebrae. To promote compressive spinal cord injury one catheter Forgaty was introduced into the epidural space and cranially directed until T8-T9.
The cuff of the catheter was filled with 50 µL of saline solution and maintained for five minutes to cause spinal cord compression. All animals were evaluated 24 hours after the procedure to assure that paraplegia was present. This was verified in all subjects. After surgery, analgesia with morphine was provided (5 mg/Kg/SC) q4h for 3 days.
Morphology of spinal cord lesion
At 7 and 21 days after spinal cord injury, 10 animals from each group were subjected to euthanasia using an overdose injection of thiopental sodium, intraperitoneal. Subsequently, the spinal cord was quickly removed from the spinal canal. A 2 cm fragment containing a macroscopic lesion in its center was cut and fixed in 4% buffered paraformaldehyde, pH 7.4, and maintained at 4°C for 24 hours. After this period, the material was conditioned in alcohol 70% and processed for microscopic evaluation.
Prior to inclusion, samples were sectioned into three smaller fragments: cranial portion to the lesion, the lesion itself, and caudal portion to the lesion. The fragments were embedded in Paraplast ® (Merck) and cross-sections of 6 μm thick were made. In each histological slide 10 serial sections were positioned. These sections were cut with 60 μm interval in between. Some of these histological sections were randomly placed on ImmunoSlideEasyPath for immunological evaluation.
For light microscopy evaluation (Olympus BX-60 ® , Tokyo, Japan), slides were stained with hematoxylin-eosin and twelve images were taken per animal for posterior analysis.
The morphometric study considered the total cross sectional exterior area of the spinal cord and the injured area (which was enclosed within the total area and consisted of cystic formation, cavitation, gliosis, axonal edema and loss of tissue organization). The slides were visualized and the images captured using a light microscope (Olympus BX-60®, Tokyo, Japan) connected to a digital camera (Olympus QColor-3®, Tokyo, Japan). Sixty fields from H&E (objective ×40) were randomly chosen of each animal and a total of 4.37×10 6 μm 2 of spinal cord area was analyzed. Then, the relationship between the injured area and the total area from each section was stablished (Software Image-Pro Plus 4.5, Media Cybernetics, Bethesda, USA).
Lungs and spleen were also included in Paraplast ® (Merck) and sections of 6 μm thick were made.
Immunofluorescence
The Q-tracker 655 ® immunofluorescence evaluation was done 24 hours after injury to assess the fate of transplanted cells in the injured spinal cord, lungs, and spleen using excitation filter WG.
Also, for evaluation in fluorescence microscopy, sections were deparaffinized in xylene and hydrated in decreasing concentrations of ethanol to water. Antigen recovery was performed in Citrate buffer pH 6.0 (in water bath at 95 o C) for 50 minutes. After the antigen recovery, sections were washed with PBS-T (1X PBS + 1% Tween 20) once for 5 minutes, treated with blocking solution for 15 minutes. The following primary antibodies were used: anti-CD68 monoclonal antibody (ED1) (Santa Cruz, Cat. Sc-59103) (diluted 1:50) for identification of monocytes and macrophages; polyclonal antibody produced in rabbit anti-glial fibrillary acidic protein (Invitrogen, Cat. 18-0063) (diluted 1:50), for identification of astrocytes; and polyclonal antibody produced in mouse anti-nestin (AbD Serotec, Cat. 6625-1010) (diluted 1:50) for identification of neural stem cell/ progenitor. The slides were incubated overnight at 4 o C. After treatment with the primary antibodies, the sections were washed three times with PBS and then incubated with secondary antibodies for 2 hours at room temperature. The secondary antibodies used were: anti-mouse IgG produced in goat and conjugated to DyLight ® 488 (AbD Serotec, Cat. STAR74D488GA) 1:100 dilution and anti-rabbit IgG conjugated with fluorescein isothiocyanate (FITC) (Sigma, Cat. F1262) diluted 1:100. The sections were then washed again with PBS and mounted with coverslips using mounting medium containing DAPI ® (Vectashield mounting medium with DAPI, Vector Laboratories, Hercules, CA, USA).
To control the effectiveness of the immunoreactivity, for each slide, two histological sections were incubated with PBS instead of the solution containing the primary antibody.
Five images were captured per section using a fluorescence microscope (Olympus BX-60 ® , Tokyo, Japan). Labeled cells were quantified using the software Image-Pro Plus 4.5 software (Media Cybernetics, Bethesda, USA) using a grid with 143 points and the points of intersection containing cells were counted.
Statistical analysis
The quantitative data regarding the labeled cells using the immunofluorescent assessment were tested for normality using Kolmogorov-Smirnov test and then t-test. Data are presented as mean and standard error of the mean (SEM). Total area and injured area were assessed by the non-parametric Mann-Whitney U test. A level of significance of 0.05 (α=5%) was adopted and descriptive levels (p) below this value were considered significant and represented by an asterisk (*).
Results

Characterization of bone marrow-derived MSC
The number of mononuclear cells was always greater than the minimal recommended for initiating a cell culture and the initial viability of these cells was 91.80%.
Cells presented a fibroblastoid appearance ( Figures 1A and 1B ) 48 hours after initial plating and throughout the evaluation period. Additionally, these cells presented elevated replication rates and were capable of adhering to the culture bottles.
Cells undergoing osteogenic differentiation showed the presence of calcified extracellular matrix by Von Kossa staining, observed at day 28, demonstrating its ability to differentiate into cells of bone lineage (Fig.1C) . Cells cultured in medium supplemented for adipogenic induction presented at the end of the four weeks, intracellular lipid vesicles easily identifiable by Oil Red staining and light microscopy ( Figure 1D ).
The fourth passage MSCs were subjected to immunophenotyping with anti-CD11, anti-CD45, anti-CD54, anti-CD73, anti-CD90 and anti-HLA-DR and showed negative expression for surface markers CD11 (97.48%), CD45 (96.98%) and HLA-DR (95.5%) and positive for the markers CD54 (66.26%), CD73 (86.82%) and CD90 (90.30%) in the assessment by flow cytometry, as illustrated in Figure 2 . 
MSC nanolabeling
Cells demonstratively incorporated the marker because they emitted high cytoplasmic fluorescence (red) using the excitation filter WG. The nuclei (blue) are shown with excitation filter WU (Fig.3A) .
Fate of transplanted cells MSC nanolabeling
Fate of transplanted cells
The transplanted labeled cells were tracked in various organs, including the injury site, at 24 h, 7 and 21 days after injection and were only found in the lungs at the 24 h time point ( Figure 3B ). The transplanted labeled cells were tracked in various organs, including the injury site, at 24 h, 7 and 21 days after injection and were only found in the lungs at the 24 h time point ( Figure 3B ). The transplanted labeled cells were tracked in various organs, including the injury site, at 24 h, 7 and 21 days after injection and were only found in the lungs at the 24 h time point ( Figure 3B ). 
Immunofluorescent evaluation
The spinal cord injury resulted in activation of macrophages and microglia. Activated macrophages and microglia were characterized by their round morphology and immunoreactivity to CD68 (ED-1) in both groups.
CD68 positive cells (CD68+) were concentrated mainly in the white matter and around the injured area. The treated group presented significant decrease of CD68+ compared to control. The mean immunoreactive area was 18.6%±0.7 and 9.3%±0.6, at 7 days, and 6.7± 0.6% and 4.0%±0.2 at 21 days, for the control and treated groups respectively ( Figure 5A and 5B). The spinal cord injury resulted in activation of macrophages and microglia. Activated macrophages and microglia were characterized by their round morphology and immunoreactivity to CD68 (ED-1) in both groups.
CD68 positive cells (CD68+) were concentrated mainly in the white matter and around the injured area. The treated group presented significant decrease of CD68+ compared to control. The mean immunoreactive area was 18.6%±0.7 and 9.3%±0.6, at 7 days, and 6.7± 0.6% and 4.0%±0.2 at 21 days, for the control and treated groups respectively ( Figure 5A and 5B). Following to the spinal cord injury, astrocytes became hypertrophic and reactive. The reactive astrocytes were characterized by their intense immunoreactivity to GFAP (glial fibrillary acidic protein). These astrocytes were mainly encountered in the periphery of the medulla and in the white matter around the injury in the dorso and dorsolateral portion of the medulla.
The GFAP immunoreactivity was significantly lower in the treated groups than in their controls. The mean value in the control group was 12.8%±0.6 and 10.1%±0.5 in the treated group, at 7 days. At day 21 post-injury, the immunoreactivity increased in both groups, however, the treated group remained with significantly lower values (20.1%±0.6) compared to the control (24.8%±1.0) ( Figures 5C and 5D ).
To evaluate the activation of neural stem cells/ progenitor at the site of spinal cord injury and the possible influence of MSC in this process, we used the anti-nestin marker. The analyzes showed that the neural stem cells/progenitor were activated at the lesion site in both groups. These cells were mainly found in the injured area (gray and white matter), and the treated group presented a significantly higher number of cells in both days, 7 and 21 postinjury. The percentage of labeled cells identified in the treated group was 17%±0.8 and 9.1%±0.3; and in the control group was 12.2%±0.3 and 5.9%±0.3, on days 7 and 21, respectively (Figures 5E and 7F) .
Discussion
According to the International Society for Cellular Therapy (ISCT) there are three minimum requirements for a cell population to be classified as MSC: 1-be isolated from a population of mononuclear cells based on their selective adhesion in culture to plastic surface; 2-express CD13, CD29, CD54, CD73, CD90, CD106, and not express, in more than 95% of the cells in culture, CD34, CD45, CD14, CD11b, CD79, or CD19 and HLA-DR; and 3-must have the ability to differentiate, in vitro, into mesodermal lineages: bone, cartilage, and adipose tissue (MORRISON et al., 1997; NARDI; MEIRELLES, 2006) . The cells cultured in this study showed a fibroblastoid morphology and adherence to the culture flask as described by Pittenger et al. (1999) ; showed positive expression of cell surface markers such as CD54, CD73 and CD90, and negative expression of CD11b, CD45 and MHC II; and underwent differentiation to bone and adipogenic lineage. Altogether, these fit the criteria for MSC classification, confirming that the cells used in this study were indeed MSC.
This study utilized MSC that were processed in laboratory, and as such they are hypoimmunogenic often lacking expression of HLA class II and costimulatory molecules; prevent the direct and indirect T cell response; and induce suppressive local microenvironment through prostaglandins and interleukins (MONTEIRO et al., 2010; GNECCHI et al., 2012) . Thus, the allogenic MSC could be transplanted to individuals of incompatible major histocompatibility complexes, as done by Ryan et al. (2005) .
The morphometric analyzes demonstrated that there was no size difference in the injured area of treated animals at 7 or 21 days post-injury. Similar results were described by Yoshihara et al. (2006) and Abrams et al. (2009) who also observed no significant reduction in the size of the lesion resulting from moderate spinal cord injury in rats treated with MSC. In contrast, other studies (ANKENY et al., 2004; BAKSHI et al., 2006; URDZIKOVA et al., 2006) reported a significant reduction in lesion area and greater preservation of white matter in treated animals, indicating neuroprotective effect of these cells. However, it must be emphasized that morphometric parameters should not be the sole criteria for assessing the effects of MSC in compressive spinal cord injury. Thus, our study provided additional information relative to the behavior of the cells involved in the repair process accompanied by the clinical improvement of the subjects.
A spinal cord injury results in activation of macrophages/microglia resulting in intense inflammation and destruction to neurons, oligodendrocytes and astrocytes present in the area of injury. The process of inflammation after spinal cord injury has beneficial and detrimental effects (DONNELLY; POPOVICH, 2008), but several in vivo studies have shown that modulation of inflammation promoted improvements in motor and sensory functions (BETHEA et al., 1999; PARK et al., 2010) . In the present study, we observed that the concentration of macrophages/microglia CD68+ within the injured area was significantly lower in the treated group, therefore the transplanted stem cells participated in the (regulation of?) the inflammatory process after spinal cord injury. This reduction in the concentration of macrophages/microglia CD68+ may have attenuated the deleterious secondary mechanisms caused by the inflammation and may be a factor related to the early functional restoration after spinal cord injury observed in previous studies.
Injuries to the central nervous system increase the intensity of labeling glial fibrillary acidic protein (GFAP) in astrocytic extensions (BIGNAMI; DAHL, 1994) . This is described as fibrillar reactive astrocytosis and is associated with hyperplasia and hypertrophy of astrocytes. The reactive astrocytes form the glial scar that accumulates around the lesion forming a physical barrier and an inhibitory environment for axonal regeneration and remyelination (COUTTS; KEIRSTEAD, 2008) . The significant reduction of the reactivity of astrocytes in the treated animals observed in this study suggests that MSC may have reduced the response of astrocytes and consequently may act by reducing the inhibitory effects of scar tissue providing a more permissive environment for axonal extension.
The neural stem cells are multipotent cells with potential to differentiate into neurons, astrocytes and oligodendrocytes (HSU et al., 2007) and the ependyma is known to be a rich source of these cells (MORENO-MANZANO et al., 2009) . Nestin is a well-established marker for neural stem cell and precursor populations of proliferating cells in the CNS (WIESE et al., 2004) . In the spinal cord of adult rats nestin+ cells were found in multiple areas described as stem cell/progenitor cells niches (WEI et al., 2002) . According Ronaghi et al. (2010) , the recruitment of endogenous neural stem cells may be an alternative in spinal cord injury. Our results showed that MSC-treated group presented a greater amount of neural stem cells (nestin+) at the lesion site than the control. Thus, cell transplantation may have influenced the injure environment to provide signaling and growth factors to proliferation of endogenous stem cells as established by Urdzikova et al. (2006) and Rossi et al. (2010) . Also, Wu et al. (2003) demonstrated functional recovery after transplantation of MSC and attributed this to increased differentiation of endogenous neural stem cells.
Efficacy and maintenance of cell nanolabeling, as well as cell viability were confirmed at the time of transplantation. These cells were found in the lungs 24 hours after injury. However, they were not found at the site of the lesion 24 hours, 7 or 21 days after injury, or in highly vascularized organs such as lungs or spleen after in 7 or 21 days. Other authors (SCHREPFER et al., 2007) also observed that, after IV infusion, the great majority of cells did not reach the organ of primary interest and were retained in the lungs.
One of the hypothesis that explains the retention of these cells in the lungs, could be attributed to the cell size in relation to the diameter of the capillaries in the lungs. A study evaluating a variety of cell diameters and the use of vasodilators revealed the imprisonment or the release of cells to the blood stream (SCHREPFER et al., 2007) . The other hypothesis deals with the MSC's ability to adhere to the vascular endothelium. Ruster et al. (2006) suggested that ligand substances are involved with the adhesion and leakage of these cells. Fischer et al. (2009) believed in a receptor-mediated component located in the lungs, because when a second MSC bolus was administered a greater number of cells were captured in other organs besides lungs, suggesting that lung receptors were saturated.
These results do not exclude the possibility that the MSC retained in the lungs are capable of secreting protective factors. Others (MARTINO et al., 2011) observed tissue repairing in the CNS through mechanisms other than cell replacement such as trophic support and immunomodulation of endogenous repair.
MSC have been proven to provide potent trophic support (CAPLAN; DENNIS, 2006) with maintenance of tissue integrity and immunomodulation properties (WANG et al., 2009) , thus having a broader scope than as mere replacement of cells. Hence, when administered intravenously, MSC act beyond increasing the expression of neurotrophic growth factors post injury (MAHMOOD et al., 2004) , since they actually participate as bimodal cells, by providing immunomodulatory activity (CHICHA et al., 2013) .
Apparently, there is a direct modulatory effect on immune cells that reside at the injury site, and a second immunomodulatory systemic effect. When evaluated as a whole these findings support the concept that both immune responses, local and systemic, are potentially important mechanisms of action of the MSC.
In our study, the MSC found in the lungs must have formed a niche capable of providing protection and immunomodulation. Therefore, suggesting that these MSC acted via secretion and not only by integration/differentiation within the host tissue. Similarly, Quertainmont et al. (2012) found no cell in the lesion. Nevertheless, beneficial effects on locomotion and a significant increase of nerve growth factor (NGF) expression in injured tissue, suggesting that MSC act through their secretions and not necessarily by integration/differentiation within the host tissue.
The evaluations performed in this study showed that the application of MSC intravenously has beneficial effects on the recovery of spinal cord trauma. The MSC contributed to attenuate the reactivity of astrocytes and activation of macrophages/microglia, and stimulated the activation of endogenous neural stem cells at the lesion site. Our results demonstrate the potential of the MSC to attenuate the immune response.
